Animal models of ischaemic acute kidney injury (AKI) are valuable tools, but their therapeutic outcomes are not usually translated to humans. Ischaemic AKI in murines is mostly induced via renal pedicle clamping, which is different from patients with AKI that is due to renal artery hypoperfusion or vein thrombosis. This study was designed to compare the traditional pedicle-clamping with artery or vein occlusion alone in rat models of bilateral renal ischaemia-reperfusion (BIR).
INTRODUCTION
Patients with acute kidney injury (AKI) have a high mortality rate of more than 50%, in spite of substantial progresses in renal replacement therapy (Awad & Okusa, 2007; Sharfuddin, Weisbord, Palevsky, & Molitoris, 2016) . Renal ischaemia is one of the common causes of AKI.
Although reperfusion is essential for survival of an ischaemic organ, by itself it induces additional damage that is known as ischaemiareperfusion (I/R) injury (Jang & Rabb, 2009 ).
Animal models of ischaemic AKI have been widely used for elucidating the mechanisms, mediators and development of this disease and have led to its better control and treatment. However, most therapeutic outcomes from these models have not been c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society translated into clinical application (Li et al., 2012) . It is important to mention that renal pedicle (artery and vein together) clamping was used in most murine ischaemic AKI, which is different from patients with AKI. In humans, AKI is induced either by renal artery hypoperfusion during shock and cardiac surgery or by renal vein occlusion by thrombosis and during liver transplantation in which the inferior vena cava is clamped (Janvier, Hamdan, & Malas, 2010; Li et al., 2012; Ramadoss, Jones, Foggensteiner, Willis, & Duddy, 2012) .
A comparison of I/R injury induced by transient occlusion of renal pedicle, artery or vein in rodents was made in three previous studies. Park et al. (2008) demonstrated in rats that 25 min of renal ischaemia by venous versus arterial clamping resulted in stronger inflammatory response in the kidney and a higher rise of plasma creatinine after 24 h reperfusion, but there was no difference in the extent of renal tissue injury between the two experimental groups. In a rat model of left kidney ischaemia for 60 min, the number of glomeruli was decreased significantly by pedicle clamping and non-significantly by artery clamping (Bagetti-Filho, Sampaio, Marques, & Pereira-Sampaio, 2012) . Li et al. (2012) compared the traditional renal pedicle-clamping model with the occlusion of renal artery and vein alone for 30 min in mice. After 24 h of reperfusion, the decreased blood flow, the expression of cytokines/chemokines and the histological damage in kidney were not statistically different among the three ischaemic groups, and only serum creatinine was significantly increased to higher levels by the renal vein and pedicle clamping than by artery clamping.
In total, these studies proposed that renal arterial obstruction causes the least and venous obstruction causes the most injury to the kidney, but without support from renal histopathological findings.
It is important to mention that all renal parameters were assessed at 24 h reperfusion in the studies of Park et al. and Li et al. Recently, we found two different patterns of lymphocyte migration into the kidney following 30 min bilateral renal arterial clamping (Najafi, Owji, KamaliSarvestani, & Moosavi, 2016) . Lymphocytes mostly aggregated in the cortical periarterial spaces up to 4 h of reperfusion, but then gradually infiltrated the interstitium during 24 h of reperfusion to contribute to intensifying renal injury. Also, evaluation of renal haemodynamic and excretory functional parameters during four consecutive 30 min clearance periods after 30 min bilateral renal ischaemia showed very mild changes during the first 30 min post-ischaemic period, while the largest renal functional disorder occurred in the fourth 30 min clearance period (Gholampour, Moosavi, Owji, & Hajizadeh, 2007; Gholampour, Shid Moosavi, Owji, & Hajizadeh, 2010) . Therefore, a 2 h reperfusion period was chosen for the present study so as to have considerable kidney injury without the confounding influence of lymphocytes following 30 min bilateral renal ischaemia via clamping of pedicles, arteries or veins and, hence, to perform better and more accurate comparisons between the initially induced kidney tissue damage and oxidative stress as well as disturbances in renal haemodynamics, solute excretion and urine concentrating ability.
METHODS

Ethical approval
All procedures were in accordance with the international conventions on animal experimentation and approved by the institutional ethics committee of Shiraz University of Medical Sciences (IR.SUMS.REC.1395.S771). Also this study complies with the ethical principles under which Experimental Physiology operates.
Experimental animals and groups
This study was performed on 28 male Sprague-Dawley rats weighing 270-320 g, obtained from the Centre of Experimental Animals, Shiraz University of Medical Sciences, Shiraz, Iran. They were kept in cages with free access to food and water in a temperature-controlled room (23 ± 1 • C) with a 12 h artificial light and dark cycle. There were four
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groups of rats with n = 7, which underwent a 2-h reperfusion period following 30-min bilateral occlusion of renal arteries (BIR-A group), veins (BIR-V group), or pedicles (BIR-P group), and an equivalent period after sham-operation in the sham group.
Induction of renal ischaemia-reperfusion and experimental protocol
Each rat was anaesthetized by intraperitoneal (I.P.) injection of pentobarbital sodium (60 mg kg −1 ; Sigma-Aldrich, Poole, UK), and then heparin (100 units) was I.P. injected to prevent intravascular blood clotting. Thereafter, the animal was placed supine on a heated surgical table to keep it warm at 37 ± 1 • C, which was monitored through a rectal probe connected to a thermistor (Physitemp BAT-12; Texas Scientific Instruments, Boerne, TX, USA). After tracheotomy, a cannula was placed into the right femoral vein to infuse normal saline at 3 ml h −1 using a syringe-infusion pump (SEP-10S; UAB Viltechmeda, Vilnius, Lithuania), and also administration of bolus doses of pentobarbital sodium when needed. The level of surgical anaesthesia was assessed by testing the pedal withdrawal reflex evoked by skin pinch. Another cannula was placed into the right femoral artery and connected to a pressure transducer (MLT844; ADInstruments, Bella Vista, NSW, Australia) for continuous recording of arterial pressure by means of a PowerLab/4SP data acquisition system (ADInstruments).
After a mid-line electrosurgical laparotomy (Surgistat; Valleylab, Boulder, CO, USA), the urinary bladder was cannulated for collection of urine. Then, the renal artery and vein on both sides were carefully cleared and separated from each other by using a surgical microscope (SZ2-ET; Olympus Corp., Tokyo, Japan) (Moosavi & Johns. 2003; Najafi et al., 2016) . Both renal arteries in the BIR-A group, veins in the BIR-V group and pedicles in the BIR-P groups were occluded using non-traumatic clamps for 30 min, and blood reflow was confirmed by return of the kidney colour to normal. In the sham group, all surgical procedures were performed, but bilateral renal ischaemia was not induced. Thereafter, the probe (MA1PRB) of a transonic perivascular flowmeter (T402-PB; Transonic System Inc., Ithaca, NY, USA) was put around the left renal artery to measure its blood flow Moosavi & Johns. 2003) . The animal was allowed to have more than 1 h of equilibration, and then there was a 30 min clearance period over the 1.5-2 h of the reperfusion period. During the clearance period, urine was collected and arterial pressure, heart rate and renal blood flow were recorded.
At the end of this period, an arterial blood sample (1 ml) was taken and quickly centrifuged, and then both kidneys were removed and the rat was killed by injection of an overdose of anaesthetic. The kidneys were weighed, decapsulated, placed on ice and longitudinally sectioned. The left kidney halves were preserved in buffered 10% formaldehyde for histopatholological study, and the right kidney halves were quickly frozen in liquid nitrogen and preserved at −80 • C for evaluation of the oxidative state. After weighing the urine sample and separating plasma, part of them was used for immediate measurement of Na + , K + and osmolality, and the remainder was aliquoted and preserved for later analysis of creatinine, urea and glucose concentration (Najafi et al., 2016) .
Evaluation of blood and urine variables and renal functional parameters
Plasma and urine samples were analysed for creatinine and urea nitrogen by means of an autoanalyser (RA 1000; Technicon Instruments, USA), Na + and K + with an EasyLyte analyser (Medica Corp., Bedford, MA, USA), and osmolality using a cryoscopic osmometer (Osmomat-010; Gonotec GmbH, Berlin, Germany). The volume of urine collected during the clearance period was measured gravimetrically, and its urine flow rate (V • ) per gram kidney weight was calculated. Creatinine clearance ([urine creatinine × V • ]/plasma creatinine) as an estimate of glomerular filtration rate (GFR), absolute and fractional excretion of Na + , K + and urea, as well as osmolar clearance and free-water reabsorption were calculated by using standard formulae Moosavi & Johns, 2003) .
Malondialdehyde assay
For evaluation of renal oxidative state, frozen kidney samples were rapidly weighed and homogenized in ice-cold phosphate-buffered saline (1:10 w/v). As previously described in detail (Moosavi, Ashtiyani, & Hosseinkhani, 2011) , the levels of renal tissue malondialdehyde (MDA), as the final product of lipid peroxidation, were determined according to the TBARS assay using a microplate reader (Synergy HT, BioTeck Instruments; Winooski, VT, USA).
Renal histopathological examinations
The preserved kidneys were embedded in paraffin and 5 m sections were obtained. Sections were subjected to routine staining with haematoxylin and eosin. In a blinded fashion, our pathologist examined each section separately at the cortical, outer medullary (outer stripe and inner stripe) and inner medullary regions in at least 10 randomly selected non-overlapping fields under a light microscope. The renal histopathology was quantified for the degree of tubular cell necrosis, cytoplasmic vacuolization, pyknotic nuclei, exfoliated cells in the lumen, vascular congestion and intratubular casts. The level of each manifestation was graded according to the changes involved, scoring 0 with no changes, 1 with less than 20%, 2 with 20-40%, 3 with 40-60%, 4 with 60-80% and 5 with greater than 80%. The sum of all numerical scores in each group was taken as the total histopathological score Moosavi, Bayat, Owji, & Panjehshahin, 2009 ).
Statistical analysis
Data are presented as means ± SD. The between-group comparisons were performed by one-way analysis of variance (ANOVA) followed by Duncan's post hoc test, and then the least significant difference test for determining the exact level of P-values. The histopathological scores were analysed by a non-parametric Kruskal-Wallis multiple comparison test, and then a non-parametric Mann-Whitney test was used to determine statistical differences between groups. SPSS version 11.5 software (SPSS, Chicago, IL, USA) was used for all data analyses, and significance was taken at P < 0.05. Table 1 shows that the body weight at the beginning of experiment and heart rate during the clearance period at the last 30 min of 2 h reperfusion were not different between the BIR-A, BIR-V and BIR-P groups and also from those of the sham group. However, mean arterial pressure (MAP) was reduced during the last 30 min of the reperfusion period in all ischaemic groups with respect to that of the sham group at the equivalent period (P < 0.01-0.001). The MAP during the clearance period in the three ischaemic groups was not statistically different. Table 1 also presents the levels of all plasma variables at the end of the 2 h reperfusion period in the ischaemic groups and at the equivalent time in the sham group. The renal I/R-induced increases in plasma creatinine, urea and K + were much higher in the BIR-V group than in the BIR-A and BIR-P groups (P < 0.05-0.001). The levels of these three plasma variables were not statistically different in the BIR-A and BIR-P groups, but plasma creatinine was not significantly elevated in the BIR-A group compared to the sham group. There were equal rises of plasma osmolality (all P < 0.05) and no changes of plasma Na + and glucose concentrations in the ischaemic groups with respect to the sham group.
RESULTS
Body weight, mean arterial pressure and heart rate
Plasma variables
Renal oxidative status and haemodynamics
The increases in renal tissue MDA ( Figure 1a ) and percentage of kidney weight (KW) per body weight (BW) (Figure 1b ) with respect to those of the sham group (14.67 ± 3.70 nmol (g KW) −1 and 0.74 ± 0.05%, respectively) were not statistically significant in the BIR-A group, but were significant in the BIR-V group (both P < 0.001) and BIR-P group (P < 0.05 and P < 0.01, respectively). The levels of both variables TA B L E 1 Body weights before and changes of mean arterial pressure, heart rate and plasma variables after transient clamping of renal arteries, veins or pedicles Plasma potassium ( mol ml −1 ) 3.57 ± 0.32 4.10 ± 0.41** † † † 4.83 ± 0.09*** 4.33 ± 0.40*** † † Plasma osmolality (mosmol (kg H 2 O) −1 ) 286.7 ± 13.0 302.0 ± 6.5* 298.9 ± 9.2* 299.4 ± 12.1* Values are expressed as means ± SD for body weight before surgery, mean arterial pressure and heart rate during a clearance period at the last 30 min, and plasma creatinine, urea, sodium, potassium and osmolality at the end of a 2 h reperfusion period following 30 min bilateral clamping of renal artery (BIR-A group), vein (BIR-V group) and pedicle (BIR-P group), as well as equivalent periods in the sham group. n = 7 in each group. * P < 0.05, ** P < 0.01, *** P < 0.001, versus sham group.
† P < 0.05, † † P < 0.01, † † † P < 0.001, BIR-A or BIR-P groups versus BIR-V group. ) at the end, and renal blood flow (RBF) (c) and clearance of creatinine (C Cr ) (d) during a clearance period at the last 30 min of a 2 h reperfusion period following 30 min bilateral clamping of renal artery (BIR-A group), vein (BIR-V group) and pedicle (BIR-P group), as well as equivalent periods in the sham group. Values are expressed as means ± SD. n = 7 in each group. * P < 0.05, *** P < 0.001, versus sham group. † P < 0.05, † † P < 0.01, † † † P < 0.001, BIR-A or BIR-P groups versus BIR-V group were not different in the BIR-A and BIR-P groups, but the BIR-V group had higher renal tissue MDA (28.84 ± 4.26 nmol (g KW) −1 ) and KW/BW (0.97 ± 0.09%) than the BIR-A group (P < 0.01 and P < 0.001, respectively) and BIR-P group (P < 0.05 and P < 0.01, respectively). The 30 min renal ischaemia caused decreases in renal blood flow (RBF; Figure 1c ) and creatinine clearance (C Cr ; Figure 1d) during the last 30 min of the 2 h reperfusion period in the BIR-A group (P < 0.05 and P < 0.001, respectively), BIR-V group (both P < 0.001, respectively) and BIR-P group (P < 0.05 and P < 0.001, respectively) with respect to their levels at the equivalent period in the sham group (8.74 ± 1.68 ml min −1 (g KW) −1 and 750.9 ± 85.6 l min −1 (g KW) −1 , respectively). In addition, the BIR-V group had much lower levels of RBF (4.72 ± 1.62 ml min −1 (g KW) −1 ) and C Cr (126.8 ± 76.6 l min −1 (g KW) −1 ) than those of the BIR-A group (P < 0.05 and P < 0.001, Values are expressed as means ± SD. n = 7 in each group. * P < 0.05, ** P < 0.01, *** P < 0.001, versus sham group. † P < 0.05, † † P < 0.01, BIR-A or BIR-P groups versus BIR-V group respectively) and the BIR-P group (P < 0.05 and P < 0.01, respectively), while BIR-A and BIR-P groups had similar levels of both parameters.
Renal excretion of solutes
Fractional Na + excretion (FE Na ; Figure 2a ) was largely increased during the clearance period in the BIR-V and BIR-P groups (P < 0.01 and P < 0.001, respectively) and non-significantly in the BIR-A group compared to the sham group (1.45 ± 0.31%). In addition, the increase of FE Na in the BIR-V group (9.67 ± 4.25%) was higher than those of the BIR-A group (P < 0.01) and BIR-P group (P < 0.05), without statistical difference between the BIR-A and BIR-P groups. However, absolute Na + excretion (U Na V • ; Figure 2b ) during the clearance period was not statistically changed in the three ischaemic groups with respect to the sham group (1.52 ± 0.32 mol min −1 (g KW) −1 ). The levels of Figure 2c ) and absolute urea excretion (U Urea V • ; Figure 2d ) were lower in the three ischaemic groups than in the sham group (P < 0.05-0.001). There were no differences among all the ischaemic groups for U Urea V • and between the BIR-A and BIR-P groups for U K V • , but the BIR-V group had a lower level of U K V • than the BIR-A and BIR-P groups (both P < 0.05).
Renal urine concentrating ability
The falls of osmolar clearance (C osm ; Figure 3a ) during clearance period in the BIR-A and BIR-P groups were not statistically significant with respect to that of the sham group (39.48 ± 10.22 l min −1 (g KW) −1 ). However, the level of C osm in the BIR-V group (15.71 ± 10.44 l min −1 (g KW) −1 ) was much lower than in the sham group (P < 0.001) and also the BIR-A and BIR-P groups (both P < 0.05).
Free-water reabsorption (T C H 2 O
; Figure 3b ) severely decreased in the three ischaemic groups compared to the sham group (31.14 ± 8.64 l min −1 (g KW) −1 , all P < 0.001). The levels of T C H 2 O in the BIR-A and BIR-P groups were statistically similar and much higher than that of the BIR-V group (5.64 ± 4.22 l min −1 (g KW) −1 , both P < 0.01).
There were also large decreases in urine osmolality (U osm ; Figure 3c ) in all the ischaemic groups with respect to the sham group (1395.9 ± 330.0 mosmol (kg H 2 O) −1 , all P < 0.001). The values of U osm in the BIR-V and BIR-P groups were not statistically different, and only the BIR-A group had significantly higher U osm than the BIR-V group (P < 0.05). Finally, the changes of urine flow rate (V • ; Figure 3d ) during the clearance period in the three ischaemic groups were not statistically different from each other and also from that of the sham group (8.34 ± 2.47 l min −1 (g KW) −1 ).
Renal histopathology
The tubular and vascular structures were normal in the kidneys of the sham group at the cortex (Figure 4a ), outer stripe of the outer medulla (Figure 5a ), inner stripe of the outer medulla ( Figure 6a Table 2) .
However, the BIR-V group had not only a much higher degree of injury for all of these manifestations, but also some damage in the DT and intensive vascular congestion in association with haemorrhagic congestion of interstitium at the cortex ( Figure 4c and Table 2 ). In addition, cellular injuries in the straight PT (S3) at the outer stripe of the outer medulla and in the TAL at both the outer and inner stripes of the outer medulla were most severe (Table 2) in the BIR-V group (Figures 5c and 6c) , and they were moderately lower in the BIR-A group (Figures 5b and 6b ) than in the BIR-P group (Figures 5d and 6d) . Also, vascular congestion at the outer stripe of the outer medulla was only observed in the BIR-V group, which had also more intensive vascular and haemorrhagic congestion in the inner stripe of the outer medulla than in the BIR-A and BIR-P groups (Table 2) . However, the amounts of intratubular proteinaceous casts at the outer and inner stripes of the outer medulla were almost equal in the three ischaemic groups (Table 2 ). In the inner medulla, no tubular injury was observed in the thin limbs of Henle and medullary collecting duct (MCD), and the levels of congestion and intratubular casts were nearly similar (Table 2) in the BIR-A (Figure 7b ), BIR-V (Figure 7c ) and BIR-P (Figure 7d ) groups.
Finally, the total histopathological score was much higher in the BIR-V group than in the other two ischaemic groups, and also higher in the BIR-P group than in the BIR-A group (Table 2) .
DISCUSSION
This study demonstrated that 30 min of renal ischaemia followed by a 2 h reperfusion led to oxidative stress and tissue damage in association with haemodynamic, excretory and urine concentrating dysfunctions in the kidney, which were much more severe with renal vein clamping than with artery and pedicle clamping. Also, occlusion of renal pedicle compared to artery caused somewhat more structural and functional disorder in the kidney.
I/R induces damage in both the tubular and the vascular systems of the kidney. The vascular endothelial cell injury is associated with the attachment of leukocytes, red blood cells and platelets that results in vascular congestion as well as an imbalance between production of vasoconstrictors and vasodilators that increases renal arteriolar resistance (Kribben, Edelstein, & Schrier, 1999; Thadhani, Pascual, & Bonventre, 1996) . These vascular alterations kept renal blood flow low during the reperfusion period in the three ischaemic groups of this study. Other investigations showed that blood flow was not uniformly reduced throughout the post-ischaemic kidney and was more prominent in the medulla, especially in the inner stripe of the outer medulla and the inner medulla, in which most microvessels were congested resulting in the no-reflow phenomenon (Kribben et al., 1999; Sutton, Fisher, & Molitoris, 2002) proteinaceous casts that obstruct the tubular lumen and result in elevation of Bowman's space pressure and its enlargement (Millar, Phan, & Tibbles, 2007; Moosavi et al., 2009; Padanilam, 2003; Valko et al. 2007) . The most severe epithelial injuries occur in the PT and TAL, which have high active transport, and especially at the outer medulla in which a hypoxic state exists even in the normal condition (Sharfuddin et al., 2016) .
All of the above-mentioned histological damage was observed in three ischaemic groups of the present study but with different intensities: BIR-V group >> BIR-P group > BIR-A group. Due to increased use of laparoscopic partial nephrectomy for renal tumour resection, during which temporary renal blood flow stoppage is required, several studies have compared kidney damage induced by occluding pedicle with renal artery only via laparoscopy versus open surgery in humans (Gong et al., 2008; Liu et al., 2013 ) and large animals (Colli, Wang, Johnsen, Grossman, & Lee, 2013; Orvieto et al., 2007; Schuler et al., 2008; Tracy et al., 2010) . 
F I G U R E 5 Representative light micrographs of the renal outer stripe of outer medullary cross section at the end of a 2 h reperfusion period following 30 min bilateral clamping of renal artery (BIR-A group), vein (BIR-V group) and pedicle (BIR-P group), as well as equivalent periods in the sham group. n = 7 in each group. Haematoxylin-eosin staining with magnification ×400. *, intratubular proteinaceous cast; ×, vascular or haemorrhagic congestion; C, collecting duct; P, proximal tubule; T, thick ascending limb; V, vasa recta although the presence of pneumoperitoneum during laparoscopy probably negated the benefit of renal artery clamping (Orvieto et al., 2007) .
Importantly, we observed haemorrhagic congestion in all regions of the kidney only in the BIR-V group, which implies transmission of high arterial pressure into renal microvessels during renal venous occlusion most likely leading to rupture of capillary walls and exit of red blood cells into interstitium. Therefore, the occurrence of haemorrhagic congestion in conjunction with the more intensive vascular congestion caused the BIR-V group to have the lowest level of RBF during the last 30 min of the 2 h reperfusion period compared to the BIR-P and BIR-A groups. Consequently, the lower supply of oxygen to the kidney during reperfusion and also the production of reactive oxygen species from deoxygenated haemoglobin in the interstitium resulted in more intensive renal oxidative stress (Rifkind, Nagababu, Ramasamy, & Ravi, 2003) and disturbance of capillary barrier function, which developed the most severe tissue damages and oedema (KW/BW) in the kidney of the BIR-V group.
The MAP of three ischaemic groups was not statistically different during the clearance period and, therefore, the differences among the 
Representative light micrographs of the renal inner stripe of outer medullary cross section at the end of a 2 h reperfusion period following 30 min bilateral clamping of renal artery (BIR-A group), vein (BIR-V group) and pedicle (BIR-P group), as well as equivalent periods in the sham group. n = 7 in each group. Haematoxylin-eosin staining with magnification ×400. *, intratubular proteinaceous cast; ×, vascular or haemorrhagic congestion; C, collecting duct; L, Henle's thin descending limb; V, vasa recta; VB, boundary of vascular bundle; T, thick ascending limb groups for renal functional variables during this period could not be related to MAP per se. The reduced renal blood flow in conjunction with elevated Bowman's space pressure by obstructing intratubular casts led to a decrease in GFR (Devarajan, 2006; Sharfuddin et al., 2016) , and, proportional to the severity of these disorders, C Cr was decreased by 42% in the BIR-A group, 52% in the BIR-P group and 83% in the BIR-V group. Therefore, the BIR-V group had the highest rises in plasma creatinine and urea at the end of the reperfusion period.
The renal I/R-induced tubular cell death, loss of tight junction integrity and cell polarity, shedding of brush borders and exfoliation of viable cells led to disturbed Na + reabsorption (Devarajan, 2006; Moosavi et al., 2009 ) and increases in FE Na by 6.7-fold in the BIR-V group, 4.3-fold in the BIR-P group and 2.7-fold in the BIR-A group compared to that of the sham group, while the disturbed Na + reabsorption along with reduced GFR and hence filtered-load of Na + caused U Na V • not to change in any of the ischaemic groups. However, there were falls in 
Representative light micrographs of the renal inner medullary cross section at the end of a 2 h reperfusion period following 30 min bilateral clamping of renal artery (BIR-A group), vein (BIR-V group) and pedicle (BIR-P group), as well as equivalent periods in the sham group. n = 7 in each group. Haematoxylin-eosin staining with magnification ×400. *, intratubular proteinaceous cast; × vascular or haemorrhagic congestion; C, collecting duct; L, Henle's thin ascending or descending limb; V, vasa recta K + and urea in this group, while the BIR-A and BIR-P groups had nearly equal reductions of U K V • , by 31% and 29%, respectively, and U Urea V • , by 59% and 53%, respectively, as well as similar elevations of plasma K + and urea.
The renal I/R-induced urine concentrating inability is mainly due to disturbed countercurrent multiplication mechanism by severely damaged TAL and disestablishment of medullary interstitial hyperosmolality Moosavi et al., 2009; Najafi et al. 2016) , as observed by the indirect index of low urine osmolality in all ischaemic groups in the present study. The fall of U osm by 40%
in the BIR-A group and 56% in the BIR-P group led to proportional reductions of T C H 2 O by 48% and 54%, respectively, in these two groups.
However, the greater fall of U osm by 64% in the BIR-V group was accompanied by an 82% reduction in the T C The grades for each type of tubular or vascular damage are expressed as means ± SD in the cortical, outer stripe and inner stripe of outer medullary and inner medullary regions and also total histopathological scores at the end of a 2 h reperfusion period following 30 min bilateral clamping of renal artery (BIR-A group), vein (BIR-V group) and pedicle (BIR-P group), as well as equivalent periods in the sham group. n = 7 in each group. * P < 0.05, ** P < 0.01, versus sham group.
† P < 0.05, † † P < 0.01, BIR-A or BIR-P groups versus BIR-V group. # P < 0.05, ## P < 0.01, BIR-A group versus BIR-P group.
in the BIR-V group. Interestingly, the levels of V • in the three ischaemic groups were not significantly changed with respect to that of the sham group, because of the cancelling effects of the changes in C osm and With no changes in U Na V • and V • , plasma Na + concentrations were not changed in the three ischaemic groups, and hence the increase in their plasma osmolality was due the elevated plasma urea.
In summary, 2 h reperfusion following 30 min ischaemia induced AKI with the effect of clamping of renal vein >> pedicle ≥ artery.
The transmission of high arterial pressure into renal microvessels during venous clamping most likely caused rupture of capillary walls and occurrence of haemorrhagic congestion that along with more vascular congestion created extensive no-reflow areas in the kidney during reperfusion. Consequently, the interstitial congested red blood cells and the lower renal blood flow led to severer oxidative stress, vascular and tubular injuries and oedema, which resulted in more disturbed Na + reabsorption, and K + and urea excretion, and an inability to concentrate urine. The probable back-flow of blood from veins into kidney during renal artery clamping resulted in lower levels of kidney tissue damage and oxidative stress along with less intensive renal functional disorders compared to pedicle clamping. In conclusion, the present study demonstrated important differences in renal structural and functional disturbances induced by artery, vein and pedicle clamping. Therefore, it is strongly suggested that the appropriate experimental model suited to the particular type of human ischaemic AKI is used in future studies.
